Objective-Reactive oxygen species (ROS) are involved in the initial process of atherosclerosis, whereas it remains to be determined how atherogenic stimulus causes ROS-mediated proinflammatory reactions. Here, we focused on proline-rich tyrosine kinase (PYK2)-mediated ROS generation and examined how atherogenic stimulus causes early proinflammatory reactions. Methods and Results-PYK2-deficient (knockout [KO]) (PYK2-KO) mice were crossbred with apolipoprotein E (ApoE)-deficient (PYK2-KO/ApoE-KO) mice. PYK2-KO/ApoE-KO mice and endothelial cells (EC) were used for the study. Aortic atherogenic lesions in PYK2-KO/ApoE-KO mice were markedly decreased (55% versus ApoE-KO) after 8 weeks of a Western diet. Aortic PYK2 was activated as early as 7 days after the Western diet, when inflammatory cells were not yet activated. Addition of the proatherogenic oxidized phospholipid lysophosphatidylcholine caused activation of endothelial PYK2. Lysophosphatidylcholine-activated PYK2 induced NADPH oxidase-mediated ROS generation and ROS-mediated synthesis of tumor necrosis factor-␣ (TNF␣), vascular cell adhesion molecule-1 (VCAM-1), monocyte chemotactic protein-1 (MCP-1), and p21 Cip1 /Ets-1. Neutralizing anti-TNF␣ antibody or knockdown of p21 Cip1 /Ets-1 system blocked the induction of VCAM-1 and MCP-1. PYK2 deficiency abolished these ROS-mediated proinflammatory reactions. Further analysis revealed that PYK2/ROS-mediated p21 Cip1 /Ets-1 activation upregulated the transcription of the MCP-1 gene in collaboration with p300 transcription coactivator. Conclusion-PYK2 is a key tyrosine kinase activated by high cholesterol exposure, which causes ROS-mediated TNF␣ release and induces TNF␣-dependent expression of proinflammatory molecules via the p21 Cip1 /Ets-1/p300 transcription system. (Arterioscler Thromb Vasc Biol. 2011;31:1084-1092.)
D ysfunction of endothelial cells (EC) is the initial and crucial process of atherosclerosis, in which proinflammatory cytokines and adhesion molecules are induced, and subsequently monocytes/macrophages adhere to EC and infiltrate the vascular wall. 1 It remains to be determined how EC sense hyperlipidemia stimulus to induce the proinflammatory reactions in the early phase of atherosclerosis before monocyte infiltration.
The nonreceptor proline-rich tyrosine kinase (PYK2) 2 has been shown to be activated by various proatherogenic stimuli, including proinflammatory cytokines/chemokines and hyperglycemia. 3 PYK2 induces Ca 2ϩ mobilization and activates Rho/Rac family small GTPase, phosphatidylinositol 3-kinase/ Akt, and Ras/mitogen-activated protein kinase (MAPK) to regulate migration activity of EC and macrophages. 4, 5 PYK2 also stimulates NO synthesis in EC and NO-mediated vaso-dilatation and angiogenesis 5 and promotes the production of reactive oxygen species (ROS) through activation of NADPH oxidase. 3 These findings suggest that PYK2 senses various proatherogenic stimuli and is involved in the inflammatory process of atherosclerosis.
Cyclin-dependent kinase inhibitor p21Sdi1/Cip1/Waf1 (p21 Cip1 ) has been reported to promote atherosclerosis. Oxidized low-density lipoproteins (OxLDL) increase p21 Cip1 synthesis, 6 and p21 Cip1 induces proinflammatory molecules in vascular smooth muscle cells to promote atherosclerosis. 7 Conversely, p21 Cip1 inhibits EC proliferation and decreases cytokine induction in vascular smooth muscle cells. 8 However, the exact role of p21 Cip1 in atherosclerosis is still controversial.
In the present study, we found that (1) a short-term Western diet activated endothelial PYK2 in aorta; (2) the activated PYK2 increased cellular ROS levels, which promoted ROS-dependent synthesis of tumor necrosis factor-␣ (TNF␣), p21 Cip1 , and Ets-1;
(3) the released TNF␣ transcriptionally induced endothelial expression of vascular cell adhesion molecule-1 (VCAM-1) and MCP-1 via p21 Cip1 /Ets-1 regulator system; and 4) these ROSmediated events were blocked by PYK2 deficiency. Thus, PYK2 is activated in an early phase of atherosclerosis, and subsequent ROS-mediated release of TNF␣ and activation of p21 Cip1 /Ets-1 system induce proinflammatory molecules, such as VCAM-1 and MCP-1.
Materials and Methods
Materials and methods for animal model, irradiation, bone marrow (BM) transplantation, primary culture, RNA isolation, real-time polymerase chain reaction (PCR), Western blotting, transfection of p21 Cip1 cDNA, measurement of GTP-Rac, quantification of ROS, senescence-associated ␤-galactosidase (SA-␤-gal) staining, luciferase assay, measurement of TNF␣, chromatin immunoprecipitation (ChIP) analyses, migration assay, and statistics are described in the Supplemental Materials and Methods, available online at http://atvb.ahajournals.org.
Results

PYK2 Deficiency Attenuates Atherosclerosis
Apolipoprotein E (ApoE)-deficient (knockout [KO]) (ApoE-KO) and ApoE/PYK2-double-deficient (ApoE-KO/PYK2-KO) mice (4 weeks old, male) were fed a Western diet for 8 weeks. Serum LDL levels in the ApoE-KO/PYK2-KO mice were 11% higher than those of ApoE-KO mice (LDL cholesterol; 298Ϯ19 versus 332Ϯ8 mg/dL, PϽ0.01). Atheromatous plaque lesions on the luminal surface of thoracic aorta and in the aortic sinus of ApoE-KO/PYK2-KO mice were decreased by 45% ( Figure 1A ) and 66% ( Figure 1B ) compared with those in the ApoE-KO mice, although these areas were significantly greater than those in the ApoE-KO/ PYK2-KO mice fed a normal diet ( Figure 1A and 1B ). MOMA2-macrophage positive lesions in the aortic sinus of the ApoE-KO/PYK2-KO mice were also decreased by 61% (Supplemental Figure IA) . Considering that blood pressure did not differ between both groups (data not shown), these findings suggest that PYK2-mediated signals promote the formation of atheromatous lesions. 
PYK2-Mediated Actions Are Exerted in Both Vascular Wall and Blood Cells
PYK2 is expressed in both vascular cells and hematopoietic cells. 2 To study which types of the cells are more involved in PYK2-mediated atherogenic action, we performed BM replacement by transfusion of donor BM cells into the recipient mice, whose BM cells were ablated (Supplemental Figure  IB) . We previously reported that most of circulating leukocytes (Ϸ98%) were donor-derived cells 8 weeks after this operation. 9 Eight-week-old mice were fed a Western diet for a further 8 weeks. ApoE-KO mice whose BM cells were replaced with those of ApoE-KO/PYK2-KO mice showed a 35% reduction in atheromatous lesions compared with the control ApoE-KO mice (whose BM was also replaced with ApoE-KO after BM ablation), whereas ApoE-KO/PYK2-KO mice whose BM was replaced with ApoE-KO revealed a similar reduction (36% versus control ApoE-KO). These findings suggest that both blood cells and vascular cells are involved in PYK2-mediated atherogenic actions to a similar extent.
Atherogenic Action at Day 7 Is Mediated by PYK2 in Vascular Cells
It has shown that macrophages migration is impaired in PYK2 deficiency, 4 which may attenuate atherosclerosis in PYK2-KO/ApoE-KO. We isolated thioglycollate-induced peritoneal macrophages and circulating CD11b-positive monocytes from ApoE-KO and PYK2-KO/ApoE-KO mice after Western diet to evaluate chemokine (MCP-1)-induced migration activity. We found that basal migration activities of macrophages and monocytes from PYK2-KO/ApoE-KO mice were significantly lower (47% and 61%, PϽ0.01) than those from ApoE-KO mice, and that 7 days of Western diet did not affect the migration activities in both genotypes. Western diet for 56 days increased the migration activities of ApoE-deficient macrophages and monocytes Ϸ1.8-fold (PϽ0.01) compared with the basal levels, whereas those in PYK2-KO/ApoE-KO mice did not change (Supplemental Figure IIA) . At day 7, aortic PYK2 was already activated ( Figure 1C ), and serum LDL was similarly elevated to the peak level in both genotypes (PYK2-KO versus PYK2-KO/ApoE-KO; 282Ϯ16 versus 319Ϯ13 mg/dL). To further study the atherogenic action of PYK2 on vascular cells, we analyzed the aortic sample in the early stage of atherosclerosis (7 days after Western diet). The aortic mRNA expression of proinflammatory molecules in ApoE-KO mice, such as VCAM-1, MCP-1, and TNF␣, were markedly (more than 2-fold) upregulated by 7 days of Western diet compared with PYK2-KO/ApoE-KO mice ( Figure 1D ), whereas MCP-1 and TNF␣ mRNAs levels in monocytes/macrophages did not increase at day 7 compared with the basal levels in both genotypes. At day 56, these mRNA levels were increased in both groups, and the levels of PYK2-KO/ApoE-KO mice were significantly lower than those of ApoE-KO mice (Supplemental Figure IIB) . Thus, the migration activities and expressions of proatherogenic cytokines in monocyte/macrophage did not change 7 days after Western diet in either ApoE-KO or PYK2-KO/ApoE-KO mice, whereas they were increased 56 days after Western diet in ApoE-KO but not PYK2-KO/ApoE-KO mice. This suggests that atherogenic actions at early stage of atherosclerosis (7 days after Western diet) are mediated mainly by PYK2 in vascular cells rather than PYK2 in monocytes/macrophages.
PYK2 Promotes NADPH Oxidase-Mediated ROS Generation
Atherogenic stresses increase cellular ROS to cause EC dysfunction. 10 We therefore evaluated cellular ROS levels by immunostaining using antibody against 8-hydroxy-2Ј-deoxyguanosine (8-OH-dG). The number of 8-OH-dG positive cells was markedly increased (13-fold versus baseline) in aortic endothelium of ApoE-KO mice fed a Western diet for 7 days, whereas 8-OH-dG-positive cells in ApoE-KO/PYK2-KO mice were much less (3-fold versus baseline) ( Figure 2A ). We next examined the mechanism for PYK2-mediated ROS production. Oxidization of LDL is a crucial step for its incorporation into atheromatous plaque, and lysophosphatidylcholine (LPC) is an oxidized phospholipid with a potent proatherogenic action in OxLDL. 11 Indeed, PYK2 in the aorta of ApoE-KO mice was markedly activated 6 hours after LPC injection (Supplemental Figure IIIA) , and mRNA levels for MCP-1, VCAM-1, and TNF␣ were increased more than 2-fold compared with basal levels, whereas such induction was not observed in the aorta of PYK2-KO/ApoE-KO mice (Supplemental Figure IIIB) .
We added LPC (30 g/mL) to cultured aortic EC for 12 hours and examined ROS levels by measuring production of dichlorodihydrofluorescein (DCF). Interestingly, ROS levels were increased 3.7-fold (versus baseline) in wild-type (WT) EC, whereas this increase was markedly inhibited in PYK2-KO cells (71% inhibition, Figure 2B ). PYK2 was rapidly activated within 1 minute after exposure to LPC ( Figure 2C) .
NADPH oxidase is a major source of ROS generation in EC. 12 The small GTPase Rac is a key regulator for oxidase activation. 13 We measured the Rac activity and found that it was increased 2.4-fold 10 minutes after exposure to LPC (PϽ0.05), whereas this increase was abolished in PYK2-KO ( Figure 2D ). Rac is activated by the VAV-GDP/GTP exchange factor, and VAV is activated by its tyrosine phosphorylation. 14 We found that PYK2 was coimmunoprecipitated with VAV2 in 1 minute after stimulation with LPC (data not shown), and phosphorylation of VAV2 was increased in WT-EC, whereas it was markedly attenuated in PYK2-KO-EC ( Figure 2D ).
PYK2-Mediated ROS Causes p21 Cip1 Synthesis
ROS was reported to induce p21 Cip1 synthesis that promoted atherosclerosis through production of proinflammatory molecules. 7 We therefore examined the role of p21 Cip1 in PYK2mediated atherosclerosis. The p21 Cip1 protein level in ApoE-KO aorta was increased 2.8-fold (versus baseline) 7 days after Western diet, which was inhibited by daily injection of ROS scavenger (2,2,6,6-tetramethyl-4-piperidinol-N-oxyl [tempol]; 300 mol/kg per day for 7 days, IP). p21 Cip1 was expressed exclusively in endothelium, whereas this increase was abolished in ApoE-KO/PYK2-KO mice ( Figure 3A ). Stimulation of WT-EC with LPC (30 g/mL, 12 hours) increased p21 Cip1 synthesis, which was inhibited with apocynin and the c-Jun N-terminal kinase (JNK) inhibitor SP600125, and overexpression of PYK2 in PYK2-KO-EC reversed LPC-mediated upregulation of p21 Cip1 (Figure 3B ), whereas treatment with the p38 mitogen-activated protein kinase kinase (MAPK) inhibitor SB203580 or the ERK inhibitor PD98059 did not affect the p21 Cip1 protein levels ( Figure 3B ). p21 Cip1 synthesis is associated with premature senescence, 7 which is evaluated as SA-␤-gal activity. 15 SA-␤-gal activity in ApoE-KO aorta increased after 7 days of Western diet, and this activity was localized in endothelium, whereas it was barely detectable in ApoE-KO/PYK2-KO mice (Supplemental Figure IVA ). Daily injection of tempol markedly reduced aortic p21 Cip1 synthesis and SA-␤-gal activity in ApoE-KO mice (Supplemental Figure IVA) . Furthermore, stimulation of WT-EC with LPC (30 g/mL, 12 hours) increased SA-␤gal-positive cells, and caused senescent (flatted and overextended) morphology, whereas these increases were abolished in PYK2-KO-EC (Supplemental Figure IVB) .
It was reported that JNK, an ROS-sensitive MAP kinase, induces p21 Cip1 synthesis, 16 and PYK2 activates JNK. 17 Aor-tic JNK phosphorylation was increased in ApoE-KO mice 7 days after Western diet, whereas this increase was abolished in ApoE-KO/PYK2-KO mice (Supplemental Figure VA) . Daily injection of JNK inhibitor (SP600125: 30 mg/kg per day) reduced the p21 Cip1 level of ApoE-KO to 28% of that of vehicle-treated control (PϽ0.01), whereas daily injections of p38MAPK inhibitor (SB203580, 30 mg/kg) or ERK inhibitor (U0126, 50 mg/kg) did not affect the p21 Cip1 level (Supplemental Figure VB) . Thus, PYK2 induced p21 Cip1 expression through ROS/JNK pathway.
PYK2-Mediated TNF␣ Release Is Required to Induce VCAM-1 and MCP-1
We next examined how the PYK2/p21 Cip1 pathway induces the expression of proinflammatory molecules. Because the aorta from ApoE-KO mice fed a Western diet for 7 days showed higher expression of TNF␣ (see Figure 1D ) and TNF␣ was reported to induce VCAM-1 and MCP-1 expression, 18 we examined LPC-mediated expression of TNF␣. Addition of LPC (30 g/mL, 12 hours) to WT-EC induced the expression of TNF␣ mRNA and protein in a ROS-and JNK-dependent manner ( Figure 4A ), whereas this action was abolished in PYK2-KO-EC (data not shown). LPC markedly increased mRNA levels of VCAM-1 (2.7-fold) and MCP-1 (3.7-fold) in WT-EC 24 hours after addition of LPC, whereas, interestingly, this effect was blocked by pretreatment with anti-TNF␣ antibody (1 g/mL in final concentration) or p21 Cip1 small interfering RNA (siRNA) and was not observed in PYK2-KO-EC ( Figure 4B ). Overexpression of p21 Cip1 cDNA in PYK2-KO-EC (2.2-fold increase in the p21 Cip1 protein level compared with control cDNA-treated group, Figure 4C ) restored the LPC-and TNF␣-mediated expression of VCAM-1 and MCP-1 mRNAs toward the WT-EC levels ( Figure 4B and 4C) . siRNA-mediated knockdown of p21 Cip1 (75% reduction in the p21 Cip1 protein level compared with control RNA-treated group, Figure 4D ) markedly inhibited TNF␣-mediated ( Figure 4E ) and LPC-mediated (data not shown) VCAM-1 and MCP-1 mRNA expression in WT-EC but did not affect the LPC-mediated increase in TNF␣ mRNA and protein levels ( Figure 4A ). In fact, TNF␣ induced the expression of p21 Cip1 in WT-EC, and in PYK2-KO-EC, this effect was severely inhibited ( Figure 4F ). These findings suggested that LPC stimulates the synthesis and release of TNF␣ in an ROS-and JNK-dependent manner and that the released TNF␣ upregulates VCAM-1 and MCP-1 gene expression by a p21 Cip1 -dependent mechanism.
Role of ROS-Inducible Transcription Factor Ets-1
Ets-1 is a ROS-inducible transcription factor that promotes angiotensin II-mediated synthesis of MCP-1, VCAM-1, and p21 Cip1 18 . We found that protein levels of Ets-1 in the aorta of ApoE-KO/PYK2-KO were 67% lower at 7 days after Western diet than that of the ApoE-KO mice ( Figure 3C ) and that Ets-1 was dominantly expressed in the endothelium ( Figure 3D ). We also found that stimulation of WT-EC with LPC (30 mol/L) markedly increased Ets-1 protein levels in an ROS-and JNKdependent manner, whereas this increase was not observed in PYK2-KO-EC ( Figure 5A ). Knockdown of Ets-1 in WT-EC (70Ϯ3% reduction at Ets-1 protein level, nϭ4, PϽ0.05) abolished LPC-and TNF␣-mediated VCAM-1 and MCP-1 mRNA expression ( Figure 5B ), suggesting that Ets-1 plays an important role in LPC/TNF␣-mediated synthesis of VCAM-1 and MCP-1 downstream of PYK2.
PYK2-Mediated p21 Cip1 Activates p300 Coactivator to Facilitate Ets-1-Mediated Transcription of MCP-1
We further studied whether p21 Cip actually enhances the transcriptional activity of Ets-1. TNF␣ markedly stimulated (5.8-fold) MCP-1 promoter activities of the luciferase-MCP-1 construct, including the base pairs Ϫ2387 to Ϫ2164 flanking region of the MCP-1 gene, which contains 3 putative Ets-1 binding core (5Ј-GGAA-3Ј) sequences at Ϫ2361, Ϫ2314, and Ϫ2278, whereas deletion of 3 Ets-1 sites between base pairs Ϫ2387 and Ϫ2164 inhibited the promoter activity (68% inhibition) ( Figure 5C ).
The ChIP assay revealed that immunoprecipitation products from TNF␣-stimulated WT-EC using anti-Ets-1 antibody actually bound to MCP-1 promoter DNA sequence, whereas Ets-1 binding was inhibited in the immunoprecipitation product from PYK2-KO-EC ( Figure 5D ). Furthermore, siRNA knockdown of p21 Cip1 (88Ϯ3% inhibition in p21 Cip1 protein levels, nϭ4, PϽ0.05) attenuated TNF␣-mediated Ets-1 binding to MCP-1 promoter in WT-EC ( Figure 5D ). Thus, TNF␣ actually induced the transcription of MCP-1 gene by activating Ets-1 binding to the promoter region.
It was reported that p21 Cip1 activates the p300 transcription coactivator to promote transcriptional activity of the estrogen receptor. 14 We therefore examined whether PYK2-mediated p21 Cip1 directly binds to p300 and accelerates the transcriptional activity of Ets-1. TNF␣ promoted coimmunoprecipita-tion between p300 and p21 Cip1 or Ets-1 ( Figure 5E ) and between Ets-1 and p21 Cip1 (Figure 6E, right) . Knockdown of p21 Cip1 abolished TNF␣-induced coimmunoprecipitation between p300 and Ets-1 ( Figure 5E, left) , and knockdown of p300 (75% reduction in p300 protein level, Figure 5E , right) blocked the association between Ets-1 and p21 Cip1 or Ets-1 and p300 ( Figure 5E, middle) . Taken together, these data indicate that PYK2-induced p21 Cip1 activates p300, which promotes Ets-1 binding to the MCP-1 promoter, leading to enhancement of MCP-1 transcription.
Discussion
Our present findings demonstrate that OxLDL/LPC increased by Western diet activates PYK2 in the early stage of atherosclerosis to enhance NADPH-oxidase-mediated ROS generation in endothelium. The increased ROS causes JNKdependent synthesis of TNF␣ and upregulation of p21 Cip1 / Ets-1, and the released TNF␣ induces the expression of MCP-1 gene via p21 Cip1 /Ets-1/p300 system ( Figure 6 ).
Western diet elevates serum LDL levels; LDL is promptly oxidized, and the OxLDL shows potent proatherogenic properties. Of the known lipid components of OxLDL, LPC is thought to be the main active component that causes OxLDLmediated EC damage. 11 During LDL oxidation, as much as 40% of phosphatidylcholine included in the LDL molecule is converted to LPC. The OxLDL with higher LPC content showed a greater impairment in endothelium-dependent relaxation of aortic rings than did LDL with lower LPC content. 19 How does LPC activate PYK2 after a Western diet? LPC directly binds to G-protein-coupled receptors, which consist of G2A, with higher affinity, and GPR4, with lower affinity. 11 Indeed, we found in this study that LPC-induced activation of endothelial PYK2 is mediated by Gi␣ and its downstream molecules, including intracellular Ca 2ϩ and protein kinase C (Supplemental Figure VI) . Furthermore, LPC is degraded to produce free fatty acid (FFA) and glycerophosphorylcholine by lysophospholipase, which is abundantly present in the cardiovascular system, 20 and the FFA binds to Toll-like receptor-4 (TLR-4) 21 to promote synthesis of proatherogenic cytokines in EC. 22, 23 We therefore examined whether FFA promotes PYK2 activation through TLR-4. We stimulated the thoracic aorta explants isolated from WT-and TLR-4-KO mice with palmitate (1 mmol/L, for 6 hours), an FFA known to induce inflammatory cytokines. 24 Phosphorylation levels of Tyr402-PYK2 were significantly increased in WT aorta but not in the TLR-4 deficient aorta (Supplemental Figure  IIIC) . Aortic MCP-1, VCAM-1, and TNF␣ mRNA levels were increased Ϸ2.8-fold in WT mice compared with the basal levels, whereas such increases were markedly attenuated in TLR-4-KO or PYK2-KO mice (Supplemental Figure   Figure 5 . PYK2 upregulates VCAM-1 and MCP-1 synthesis via Ets-1/p21 Cip-1 in collaboration with p300. A, EC were treated with LPC (30 g/mL) for 12 hours with or without apocynin (apoc, 100 mol/L) or JNK inhibitor (SP600125, 1 mol/L). *PϽ0.01 vs LPCstimulated WT-EC (nϭ6 each). B, EC were treated with Ets-1 siRNA or nonsilencing RNA (cont) for 24 hours and then stimulated with LPC (30 g/mL, 12 hours). B, Total RNAs were analyzed by real-time PCR for VCAM-1 and MCP-1. *PϽ0.01 vs control (nϭ6 each). A and B, Cell lysates were blotted with anti-Ets-1-or anti-␣-tubulin-antibody. C, Scheme of the mouse MCP-1 promoter with putative Ets-1 binding core (5Ј-GGAA-3Ј) sequence (filled circles). ChIP-1 to ChIP-4 indicate the regions amplified for ChIP assay. Luciferase reporter gene constructs containing MCP-1 gene promoter (Ϫ2387 and Ϫ2164) were designated A and B, respectively. Gene constructs were introduced to WT-EC, and cells were stimulated with TNF␣ (10 ng/mL) for 6 hours. *PϽ0.05, **PϽ0.01 vs control (nϭ6 each). D, WT-EC were treated with siRNAs for p21 Cip1 or p300 or with nonsilencing RNA. PYK2-KO-EC were transfected with p21 Cip1 cDNA or control vector. They were stimulated with TNF␣ (10 ng/mL) for 6 hours. The ChIP assay was performed as described in Materials and Methods. Total cell lysates were immunoprecipitated with anti-Ets-1 antibody or isotype-matched IgG control. Immunoprecipitated samples or cell lysates before immunoprecipitation (input) were subjected to PCR analysis using the primers corresponding to ChIP-1 regions of the MCP-1 promoter as described in A. Intensities of each band were evaluated after white/black conversion using image editing software. E, WT-EC were treated with siRNAs for p21 Cip1 or p300 or with nonsilencing control RNA (cont). They were stimulated with TNF␣ for 6 hours. Cell lysates were subjected to immunoprecipitation with anti-p300 antibody or Ets-1 antibody, followed by Western blotting using anti-p21 Cip1 , anti-Ets-1, or anti-p300 antibodies. *PϽ0.01, **PϽ0.005 vs baseline control (nϭ5 each). IIID). These findings suggest that PYK2 activation after Western diet is partly mediated by TLR-4, in which LPCderived FFA is closely involved in the TLR-4 activation.
We previously reported that endothelial PYK2 is closely involved in NO-mediated vascular function by affecting Akt activation and intracellular Ca 2ϩ mobilization. 5 In contrast, we found in this study that (1) endothelial PYK2 was activated by LPC included in OxLDL to cause ROS production through NADPH oxidase, resulting in the promotion of atherosclerosis; and that (2) LPC directly stimulates small GTPase Rac, 1 of the components of NADPH oxidase, in a PYK2-dependent manner ( Figure 2D ), whereas LPCmediated activation of the other components of NADPH oxidase, such as upregulation of NOX family protein levels or translocation of p47 phox to the plasma membrane, was not affected by PYK2 deficiency (data not shown). These findings suggest that LPC-mediated ROS generation is regulated by PYK2-dependent and PYK2-independent pathways, and PYK2 alone is not sufficient to activate all components of NADPH oxidase, consistent with the report that a Western diet activates NADPH oxidase components to produce ROS. Thus, PYK2 has opposite vascular effects, such as NO-mediated and ROS-mediated actions, and in the condition of a Western diet, ROS-mediated effects might be more closely involved in the progression of atherosclerosis. p21 Cip1 was reported to promote atherosclerosis. OxLDL increases p21 Cip1 synthesis 6 and p21 Cip1 induces proinflammatory molecules in vascular smooth muscle cells, leading to enhancement of atherosclerosis. 7 Direct binding of p21 Cip1 to transcriptional factors, such as E2F1, STAT3, and Myc, inhibited their transcriptional activities, 25 whereas p21 Cip1 binding to transcriptional repression domain of p300, termed CRD1, derepresses p300 activity, 14 leading to p300-mediated activation of various transcription factors. The present study showed that p21 Cip -activated Ets-1 actually promoted TNF␣mediated transcription of MCP-1 in collaboration with the p300 transcription coactivator.
In conclusion, a short-term Western diet directly activated endothelial PYK2, and the activated PYK2 caused ROSdependent synthesis of TNF␣, p21 Cip1 , and Ets-1. The released TNF␣ induce VCAM-1 and MCP-1 via the p21 Cip / Ets-1/p300 system. Thus, PYK2 senses hypercholesterolemia stimulus to activate the ROS/TNF␣ pathway, and this system is crucial for the induction of proinflammatory reactions in the early process of atherosclerosis. 
Sources of Funding
This study was supported by Grants-in-Aid from the Ministry of Education, Science and Culture, and from the Ministry of Health Labor and Welfare, Japan (Grants 15590778, 18590822, and 20590884 to M.O.).
Disclosures
None.
